We investigate flow in the stomach during gastric mixing using a numerical simulation with an anatomically realistic geometry and freesurface flow modeling. Because of momentum differences between greater and lesser curvatures during peristaltic contractions, timeaveraged recirculation is generated in the antrum, with retropulsive flow away from the pylorus and compensation flow along the greater curvature toward the pylorus. Gastric content in the distal stomach is continuously transported to the distal antrum by the forward flow of antral recirculation, and it is then mixed by the backward retropulsive flow. Hence, the content inside the antral recirculation is well mixed independently of initial location, whereas the content outside the recirculation is poorly mixed. Free-surface modeling enables us to analyze the effects of posture on gastric mixing. In the upright, prone, and right lateral positions, most of the antrum is filled with content, and the content is well mixed by antral recirculation. In contrast, in the supine and left lateral positions, most of the content is located outside antral recirculation, which results in poor mixing. The curved, twisted shape of the stomach substantially supports gastric mixing in fluid mechanical terms. gastric flow; realistic geometry; computational biomechanics; freesurface flow THE PRINCIPAL FUNCTIONS OF the stomach are storage, mixing, and emptying of gastric contents. Anatomically, the stomach is subdivided into the fundus, the corpus, and the antrum (25, 27) . The fundus and the proximal corpus (the proximal stomach) are known to act as a reservoir, whereas the antrum and the distal corpus (the distal stomach) are responsible for mixing and emptying (5, 16, 32) . A number of studies have been conducted to clarify the functions of the stomach, particularly focusing on the emptying of gastric contents in the duodenum via the pylorus (13, 15, 16, 17, 23) . Because changing posture or the ingested volume alters the content location in the stomach, the effects of these parameters on gastric emptying have also been studied extensively (2, 4, 7, 9, 14, 30) . However, even with advances in medical imaging techniques (11, 25) , visualization of gastric flow is still a difficult task, in particular, with regards to studying gastric mixing in detail.
THE PRINCIPAL FUNCTIONS OF the stomach are storage, mixing, and emptying of gastric contents. Anatomically, the stomach is subdivided into the fundus, the corpus, and the antrum (25, 27) . The fundus and the proximal corpus (the proximal stomach) are known to act as a reservoir, whereas the antrum and the distal corpus (the distal stomach) are responsible for mixing and emptying (5, 16, 32) . A number of studies have been conducted to clarify the functions of the stomach, particularly focusing on the emptying of gastric contents in the duodenum via the pylorus (13, 15, 16, 17, 23) . Because changing posture or the ingested volume alters the content location in the stomach, the effects of these parameters on gastric emptying have also been studied extensively (2, 4, 7, 9, 14, 30) . However, even with advances in medical imaging techniques (11, 25) , visualization of gastric flow is still a difficult task, in particular, with regards to studying gastric mixing in detail.
Pal et al. (21) developed a sophisticated numerical model of gastric mixing and emptying. They successfully simulated flow generated by peristaltic contractions in the stomach, and later, the numerical model was effectively used to reveal "Magenstrasse" for gastric emptying (22) . More recently, Ferrua and Singh (10) also numerically investigated effects of content viscosity on gastric flow. However, these previous numerical studies still have several shortcomings. First, the stomach geometry was overly simplified. Pal et al. (21) used a twodimensional geometry, and Ferrua and Singh (10) used a three-dimensional, but plane-symmetrical, geometry. To assess gastric flow more quantitatively, it is necessary to construct a model with an anatomically realistic geometry. Second, they assumed that the stomach was fully filled with liquid contents and ignored the effect of gravity. These models cannot be applied to study effects of posture and content volume, but these physiological conditions must be explicitly modeled to properly investigate gastric function. Third, but most importantly, they only considered instantaneous flow and mixing, even though the time scale of gastric mixing is the order of minutes. Hence, our understanding of the overall mixing process, how mixing is proceeded, and the difference between the reservoir and mixing regions remains incomplete.
In this study, we reconstruct a numerical model of fluid dynamics in the stomach, using an anatomically realistic geometry and free-surface flow modeling. We investigate a time-averaged flow field and mixing on a time scale of minutes. We show that a J-shaped stomach generates a recirculation in the antrum, which separates the stomach into reservoir and mixing regions. The effects of posture and content volume are also discussed in terms of the antral recirculation.
METHODS

Gastric flow.
A simple gastric content consisting of an incompressible and Newtonian liquid is considered. Assuming that viscous traction of gastric gas is negligible, gastric flow can be modeled by a free-surface flow problem. To model peristaltic contractions of the stomach wall, the velocity of the wall is prescribed. The conservation laws of mass and momentum are solved with the free-surface and moving boundary conditions. In this study, the moving particle semi-implicit (MPS) method (18, 19) was used for discretizing the governing equations. We employed graphics processing unit computing to accelerate the simulations. The details of the governing equations and numerical method are found in the APPENDIX.
Stomach geometry and peristaltic contractions. Pullan et al. (24) developed an anatomical model of the stomach based on the data of the visible human project (28) . We used this anatomical model for the stomach geometry (Fig. 1A) . Because of the geometrical complexity in three dimensions, the distance from the pylorus is simply defined by the radial distance from the pylorus as shown in Fig. 1A . Peristaltic contractions propagate from the midcorpus to the pylorus, and three contractions are generated per 1 min (32). Pal et al. (21) and Kwiatek et al. (20) measured the detail of peristaltic contractions in healthy humans using magnetic resonance imaging, and both reported similar parameters for contractions. We use parameters proposed by Pal et al. (21) . The shape of peristaltic contractions is modeled by a Gaussian function as shown in Fig. 1B . A peristaltic contraction is initiated at 144 mm from the pylorus. Note that this distance does not follow the contours in Fig. 1A but is determined by the curved distance of the central axis of the lumen. The wave propagation velocity is 2.5 mm/s at the central axis, and the contraction then terminates after 57.6 s at the pylorus. The average wavelength is 18 mm, and the relative wave height (contraction percentage) increases linearly from 0 to 40% for 17.5 s, is then constant for 16 s, and again increases linearly to 90% for 24 s. To prevent numerical instability, the contraction is not considered in the vicinity of the pylorus.
Gastric emptying is regulated by complex activity of the gastrointestinal tract, and its mechanism has not been well established. Previous studies demonstrated that gastric emptying proceeds over hours (7, 8, 12, 26) . Hence, the pyloric opening may have small effects on gastric mixing, and it is omitted from the current model.
Analysis. The density is ϭ 1.0 ϫ 10 3 kg/m 3 , and the viscosity is ϭ 1.0 Pa·s, which is 1,000 times higher viscosity than water. This viscosity represents high-viscosity contents such as oils and honey (29) . Because peristaltic contractions are periodic, the fluid motion is also periodic in the stomach. The time period (T) in which a peristaltic contraction propagates from the middle corpus to the pylorus is defined as one time period (1T ϭ 57.6 s). Because the flow reached a nearly periodic solution after 3T, we defined time t ϭ 0 to be 3T after the start of the simulation and analyzed numerical results in the range 0 Յ t Յ 10T.
Five postures are examined with a fixed volume of content as shown in Fig. 2 , where the antrum lies below the fundus for upright, prone, and right lateral positions, whereas the antrum lies above the fundus for supine and left lateral positions. A greater volume of content is also simulated for upright and supine positions. Note that the imaging data were originally taken in a supine position (28) . Changing posture can alter not only content location but also the stomach geometry due to deformation. Because of a lack of data available on stomach deformation, the geometry is fixed for all postures. To quantify mixing strength, we use a root mean square radius proposed by Pal et al. (21) . Consider that at t ϭ 0, N k tracer particles are located within a threshold distance d from a position x k 0 , and the set of these particles is defined as Ck. The root mean square radius (mixing radius) of Ck at t ϭ t n is then calculated by the equation,
where y i n is the position vector of the particle i and x k n is the gravity center (average position) of particles in the set Ck. In the gastric flow, the particles disperse around x k n , which moves with velocity ẋ k n . Hence, the mixing radius is a measure of the dispersion strength, and the value is expected to increase as the mixing advances. The initial location of C k is defined by the distance from the pylorus |x k 0 Ϫ xp|, where xp is the pyloric position. To investigate the relationship between the initial location and mixing radius, local mixing at an initial location r is quantified by using the average value of Rk for such sets that r Ϫ ␦r Յ |x k 0 Ϫ xp| Յ r ϩ ␦r, where ␦r ϭ 0.5 mm. Global mixing is also measured by taking the average of all values of Rk. Note that the mixing radius will eventually converge to the length scale of the stomach, and the converged value will not be influenced by the choice of C k. When the threshold distance d is sufficiently small, the influence of Ck on the transient value R k n Ϫ R k 0 would also be small. In this paper, we use d ϭ 3.2 mm, and the initial mixing radius R k 0 is then ϳ2.5 mm.
RESULTS
Gastric flow. Figure 3 shows two typical snapshots of instantaneous velocity vectors for the upright position. Retropulsive flow is observed in the antral lumen narrowed by peristaltic contractions. When contractions approach the pylorus, the retropulsive flow velocity becomes higher, and the highest velocity is predicted to be ϳ30 mm/s, which is similar magnitude measured by magnetic resonance imaging (3) . No flow separation is present around the contractions because of a low Reynolds number flow, Re ϳ O (10 Ϫ1 ). Time-averaged velocity vectors are also shown in Fig. 4A . Large recirculation appears throughout the antrum and distal corpus (the distal stomach) for the time-averaged flow field. Although the distal antrum still shows high velocity because of retropulsive flow, as compensation flow for mass conservation, forward flow toward the distal antrum is generated along the outer bend called the greater curvature. Figure 5A shows the timeaveraged velocity as a function of the distance from the pylorus. The velocity peaks at the distance of 30 mm, then monotonically decreases, and reaches a small value at around 100 mm. Almost the same velocity field is also predicted in prone and right lateral positions, although they have slightly higher and lower velocity than the upright position, respectively. A greater volume content in the upright position shows a similar tendency to the prone position. In supine and left lateral positions, however, the velocity field differs from the upright positions as shown in Fig. 5B . Because the antrum is not filled with the content, the retropulsive flow disappears, and the velocity field shows simple recirculating flow (Fig. 4B) .
Gastric mixing. The motion of tracer particles is shown in Supplemental Movie 1 (Supplemental data for this article can be found on the American Journal of Physiology: Gastrointestinal and Liver Physiology website.). Figure 6 shows the time change of local mixing radius in the upright position as a function of the initial location of content. Note that the radius of the antrum and corpus is Ͻ30 mm, and the mixing radius Ͼ30 mm is almost a converged value. The content initially located in the distal antrum is first mixed. However, at t ϭ 9T, the content in the distal stomach is almost equally mixed, whereas the content in the proximal stomach is mixed at a very slow rate. Local mixing at t ϭ 9T and global mixing are compared among postures and content volumes in Figs. 7 and 8 , respectively. The region at which mixing proceeds corresponds well to the region of the recirculation. In upright, prone, and right lateral positions, the content initially located at the distance within ϳ100 mm is well mixed, where the prone position and greater volume content have a slightly larger region for mixing. In supine and left lateral positions, mixing is also proceeded in the region of recirculation. However, most of the content is located outside the recirculation, and global mixing becomes much smaller than in the other positions as shown in Fig. 8 .
DISCUSSION
Antral recirculation. During gastric mixing, the momentum that drives the flow is given by the motion of peristaltic contractions. A well-known flow pattern in the stomach is jet-like retropulsive flow generated in the lumen narrowed by peristaltic contractions (6, 15) . Because the apertural area of the lumen becomes narrower as a peristaltic contraction approaches to the pylorus, the highest velocity is caused in the antrum near the pylorus (Fig. 3 ). This flow pattern was also predicted by previous numerical studies (10, 21) . In addition, they demonstrated that recirculation is present between two contractions. These previous studies, however, only focused on an instantaneous flow field. Gastric mixing is a process on a time scale of minutes, and hence we studied a time-averaged flow field. Our results revealed that on time average, large recirculation is generated in the antrum and distal corpus. For mass conservation, retropulsive flow in the center of the lumen requires associated compensation flow near the antral wall. Peristaltic contractions, however, continuously travel to the pylorus along the wall. The stomach is a J-shaped organ, and therefore the wave velocity must be higher in the greater curvature than in the lesser curvature. The momentum difference given by the contractions between the greater and lesser curvatures results in recirculating flow, which is the forward compensation flow to the pylorus along the greater curvature and the backward retropulsive flow (Fig. 4 ). This recirculation is called "antral recirculation" in this paper. While instantaneous forward flow has been identified for gastric emptying (3, 13) , our results demonstrated that forward flow is caused on time average even without pyloric opening. Note that the viscosity ϭ 1.0 Pa·s was examined in this paper, and that the Reynolds number was on the order of 10 Ϫ1 . Because the Reynolds number is less than unity, the same flow profile is expected for viscosities above ϭ 0.1 Pa·s.
More importantly, antral recirculation greatly expands the region responsible for gastric mixing. Pal et al. (21) http://ajpgi.physiology.org/ mixing process can be explained more properly with the antral recirculation. As they suggested, the principal region of mixing is the antrum near the pylorus (Fig. 6 ). Gastric content in the distal stomach is continuously transported along the greater curvature to this region by the forward flow of antral recirculation, and it is then mixed by the retropulsive flow near the pylorus. Hence, the content inside the antral recirculation is well mixed independently of the initial location, whereas the content outside the recirculation is poorly mixed (Fig. 6 ). The proximal stomach is known to be a reservoir (5, 16, 32) , but it has been unclear what separates the stomach into reservoir and mixing regions. Our results suggest that these regions are definitely separated by being inside or outside the antral recirculation. The antral recirculation is effective particularly for the mixing of highly viscous contents. In the case of low viscosity contents, a vortex is generated along with retropulsive flow because of flow separation at high Reynolds numbers (10), probably enhancing mixing of the contents. However, such a flow separation disappears with highly viscous contents, and, moreover, the effect of retropulsive flow is limited to the antrum near the pylorus (Refs. 10 and 21 and Fig. 3A) . This suggests that, without antral recirculation, only the content near the pylorus would be well mixed in the case of high viscous contents.
Effect of posture and content volume. Antral recirculation occurs in a region where peristaltic contractions are present. The volume of content involved in the antral recirculation depends on posture. Changing posture from an upright position therefore exhibits either a minor or a major difference in gastric flow and mixing. Cases may be classified into the following two classes.
One class is that the antrum lies "below" the fundus, corresponding to upright, prone, and right lateral positions [Class B (Below)]. Because most of the antrum is filled with the content, almost the same velocity field is presented in the antrum, and the content is well mixed by antral recirculation. In the examined models, the prone position shows the largest antral recirculation because of the largest content volume in the corpus (Fig. 2) . This results in a slight enhancement of local mixing at the more proximal side of the stomach (Fig. 7A) , and global mixing is therefore the highest among the models (Fig. 8A) . For the same reason with the prone position, a greater volume of the content enlarges the antral recirculation region slightly, and also shows an enhancement of local mixing (Fig. 7A) . However, a greater volume also provides a greater content outside the antral recirculation, which causes a lower global mixing (Fig. 8A) .
The other class occurs when the antrum lies "above" the fundus, corresponding to supine and left lateral positions [Class A (Above)]. These positions have only a small amount of content in the antrum, particularly near the pylorus. Jet-like retropulsive flow is no longer generated, but velocity field shows simple recirculating flow in the antrum, which may also be called antral recirculation (Fig. 4B) . Although mixing proceeds in the antral recirculation (Fig. 7B) , most of the content is located outside the antral recirculation. Global mixing is therefore significantly lower than that of Class B (Fig. 8B) . A greater volume of total content has an opposite effect from Class B on global mixing. An increase in total content volume provides a greater volume in the distal stomach for Class A. Next, enlarged antral recirculation occurs, which gives a higher mixing radius for global mixing (Fig. 8B) . Note that flow and mixing of Class A converge to those of Class B when the stomach is fully filled with content.
In this study, simulations were performed with a closed pylorus. Hence, the present results are applicable to the case that the emptying rate is relatively small. When the pyloric opening is considered, although the general tendency will be similar, the strength of the antral recirculation will decrease with increasing emptying rate. The relationship between the antral recirculation and emptying rate is an interesting future work. It is also of interest to study the effect of posture on emptying, where the postures in Class B may have a higher emptying rate than that in Class A because of a larger content volume near the pylorus.
In conclusion, we have revealed the presence of the timeaveraged antral recirculation in a J-shaped stomach. Gastric content in the distal stomach is continuously transported to the antrum near the pylorus by the forward flow of antral recirculation, and it is then mixed by the backward retropulsive flow. Hence, the content inside the antral recirculation is well mixed independently of the initial location, whereas the content outside the recirculation is poorly mixed. The curved, twisted shape of the stomach substantially supports gastric mixing in fluid mechanical terms.
APPENDIX
Fluid dynamics and boundary conditions. Flow of an incompressible and Newtonian liquid is governed by the following conservation laws of mass and momentum,
and Du
where t is the time, the density, u the velocity, ϭ Ϫ pI ϩ (pu ϩ pu T ) the stress tensor, p the pressure, the viscosity, g the gravity, and D/Dt the Lagrangian derivative. Assuming that viscous traction of gastric gas is negligible, gastric flow can be modeled by a free-surface flow problem. At the free surface, x s, the dynamic condition gives the boundary condition ·n(t,xs) ϭ Ϫ pn(t,xs) ϭ ϪPsn, where n is the outwardpointing normal, Ps is the constant reference pressure, and the surface tension is ignored (1) . To model peristaltic contractions of the stomach wall, the velocity of the wall was prescribed. The kinematic boundary condition (no-slip boundary condition) is u(t,X w) ϭ dXw/dt(t), where Xw is the position vector of a material point of the wall.
Discretization method. The MPS method (18, 19) was used for discretizing the governing equations. The MPS method is a mesh-free particle method in which the fluid domain is represented by a finite number of particles (computational points). The governing equations are solved at each particle, and the particle is moved by the advection velocity each time step. The MPS method employs a semi-implicit algorithm, where the pressure field is obtained from the Poisson equation to keep a constant particle number density. The derivative terms in the governing equations are discretized by particle interaction models. Because momentum is not conserved in the gradient model of the original MPS method, we employed another gradient model proposed by Tanaka and Matsunaga (31) . Simulations were performed on a graphics processor unit (NVIDIA GeForce GTX580) using an in-house solver.
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